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Introduction
Magnetic nanoparticles have attracted great interests [1] [2] [3] [4] [5] [6] . One of the most important groups of magnetic nanoparticles is ferrite which has a very high magnetization value at room temperature [7] . Manganese ferrite (MnFe 2 O 4 ) as a superparamagnetic nanoparticle has a very high magnetization capacity owing to its large magnetic spin magnitude [8] . It has been widely used in electronic [9, 10] , contrast-enhancement agents in MRI technology [11] [12] [13] and recording media [14] . However, magnetic properties of the nanoparticles and its application are strongly dependent on the size, shape, morphology and crystallinity of the nanoparticles [15] [16] [17] [18] [19] . Manganese ferrite nanoparticles with different sizes and morphologies have been synthesized by different methods. Some of these methods include ball milling [20] , co-precipitation of Mn 2+ and Fe 3+ in aqueous solution [21] , reverse micelle [22, 23] , thermal decomposition [24] [25] [26] [27] , and solvothermal method [19] . The last method offers many advantages over the others such as its simplicity, high crystallinity of the products, capability to control the crystal growth and its adequacy for the preparation of large quantities of samples [19] . Most of the works focus on the synthesis of ferrite nanoparticles with sizes below 30 nm which is difficult to separate from solution or control their movement in blood by using moderate magnetic fields [28] . This limits their practical applications such as bioseparation and targeted drug delivery. To overcome this problem, Li and co-workers reported the synthesis of monodisperse MFe 2 O 4 ferrite (M@Fe, Co, Mn, Ni, Zn, Cu) microspheres by a solvothermal reaction through their partial reduction of the reagent by ethylene glycol (EG) in the presence of NaAc and polyethylene glycol (PEG) [29] . The produced particles are composed of smaller building blocks with superparamagnetic properties [30] . To control the morphology, shape and size, it is necessary to study the kinetics of nucleation and growth, and structure development of nanocrystals [31, 32] .
It has been reported that the growth of particles undergoes two major stages, i.e., aggregation and coarsening [33] . This process typically starts with nuclei formation followed by its growth. In a heterogeneous solution, the coarsening process is driven by a decrease in surface energy. This process referred to as Ostwald ripening in which the growth of larger particles occurs at the expense of less stable smaller particles. Aggregation is achieved by the combination of primary particles into large secondary particles. In the oriented aggregation, primary crystallites combine to each other to form secondary crystals which are new single crystals composed of oriented subunits [33] [34] [35] [36] .
Recently, Niederberger and Coelfen [36] defined a ''mesocrystal'' as a particle composed of primary units in crystallographic registry but without coherent, crystalline material linking them [37] . In such an object, solvent molecules and/or other species are located in the spaces between the aligned crystallites.
The preparation of mesoscale nanoparticles occurs in several steps. Initially, primary nanoparticles (building blocks) are formed via a classical nucleation and crystal growth. Then, building blocks undergo oriented self-assembly process [38, 39] . Three types of mesocrystal have been proposed [38] ; M-I, the building blocks are isolated and only ''bridged'' via organic substances, that is, the original mesocrystal defined by Colfen; M-II, the building blocks are partly bridged by organic substances and partly by themselves; M-III, the building blocks are only bridged by themselves.
Surface properties of primary nanoparticles are crucial for determination of final structure of secondary particles. It is suggested that organic ligands with high binding affinities to primary nanoparticles can promote self-assembly by the adsorption of ligand instead of themselves, type (I) [40] . In the absence of sufficiently strong-surface protecting layers, it seems the primary nanoparticles would always randomly aggregate into disordered solids.
In this work, we present the effect of organic additives like polymeric surfactants on the growth process, size and morphology of manganese ferrite nanoparticles. The monodisperse manganese ferrites were synthesized in the presence of polymeric surfactants such as PEG with different molecular weights (PEG 300 , PEG 6000 , and PEG 10000 ) and polyvinyl pyrrolidone (PVP 40000 ) with different chemical structure. Our results show that the polymeric surfactants have crucial effects on the control of structure and morphology of the mesocrystal manganese ferrite nanoparticles. Based on our knowledge, this is the first report about the effect of organic additives on the growth process of magnetic nanoparticles. In the first experiment, the MnFe 2 O 4 nanoparticles were prepared from modified Li et al. method [29] . Briefly, 0.25 g (2.5 mmol) of MnCl 2 Á4H 2 O and 0.67 g (5 mmol) of FeCl 3 Á6H 2 O were dissolved in ethylene glycol (20 mL) to obtain a yellow clear solution. Then 1.8 g of sodium acetate and 0.5 g of different polymeric surfactant (PEG 6000 , PEG 10000 , PVP) were added under vigorous stirring for 30 min at 80°C to melt the surfactant. In the case of PEG 300 , 0.44 mL (0.5 g) of surfactant was added under vigorous stirring for 30 min at room temperature. After that, the prepared solution was sealed in a Teflon-lined stainless-steel autoclave and maintained at three different temperatures (160°C, 180°C, 200°C) and different time intervals, and then allowed to cool to room temperature. The products were washed three times with ethanol and dried at 50°C for overnight.
Materials and methods

Material
The reactants with organic anions were also used to prepare the MnFe 2 O 4 nanoparticles. Briefly, 0.306 g (2.5 mmol) of manganese (II) acetate tetrahydrate and 0.88 g (5 mmol) of Iron (III) acetylacetonate were dissolved in ethylene glycol (20 mL) to obtain a clear solution. Then 1.8 g of sodium acetate and 0.5 g of PEG 6000 were added under vigorous stirring for 30 min at 80°C to melt the surfactant. After that, the prepared solution was sealed in a Teflonlined stainless-steel autoclave and maintained at 200°C in different time intervals (4-20 h), and then allowed to cool to room temperature. The products were washed three times with ethanol and dried at 50°C for overnight.
Characterization
The size and morphology of the obtained MnFe 2 O 4 nanoparticles were characterized using a JEOL-1010 TEM operating at 100 kV of accelerate voltage. The TEM sample was prepared by dispersing nanoparticles in ethanol via ultrasound and dropped on the copper grid before loading to the instrument. The SEM is carried out by JSM 6300 (JEOL) with 5 kV of accelerate voltage. The specimen was treated with platinum coating prior to loading into SEM instrument. The X-ray diffraction (XRD) was used to identify the crystal structure and the average size of the nanoparticles. The XRD was performed using Rigaku-Miniflex equipped with Co radiation (k = 1.7902 Å) in the wide range of Bragg's angle (15-80°). The average crystallite size was calculated by Debye-Sherrer's equation [41] . To understand the adsorption mechanism of organic additives (polymeric surfactants), the Fourier infrared (FTIR) measurements were carried out on the pure surfactants and the synthesized MnFe 2 O 4 nanoparticles in the presence of surfactants. The FTIR of the samples were recorded using Nicolet 6700 in the range of 400-4000 cm À1 with ATR accessories. The thermogravimetric analysis (TGA) was performed for samples ($30 mg) with a heating rate of 5°C/min using a Mettler Toledo TGA thermogravimetric analyzer in N 2 atmosphere up to 800°C.
Results and discussion
Manganese ferrites were obtained via co-precipitation of Mn(II) and Fe(III) ions in solvothermal condition. The iron(III) and manganese (II) with organic and inorganic anions were acted as precursors, sodium acetate and alkaline agents as electrostatic stabilizer, and ethylene glycol as high boiling point solvent (196-198°C) and reducing agent [42] . Different polymeric surfactants were used as organic additives for assembling the smaller building blocks to produce nanosphere. The nearly mono-dispersed nanoparticles were obtained by using manganese (II) and iron (III) chloride salts.
Particle size and distribution
Precursor with organic anion
The sizes of nanoparticles prepared with precursors of iron and manganese compounds containing organic anions were 50 and 80 nm at aging times of 4 and 8 h, respectively. By increasing the time to 10 h, the structure was collapsed and the building blocks were separated (Fig. S1 ). As it is shown in Fig. S1 , the structure and morphology of the particles formed by organic anion were more disorder than particles formed by chloride as precursor's anion. The average size of magnetic nanoparticles was 185, 200 and 220 nm after 4, 8, and 12 h by chloride as anion. The main hypothesis is that the organic anions play a role the same as co-surfactant and prohibit the effective contact between particles and oriented attachment at the interface of primary particles in the present of polymeric surfactants. Furthermore, the growth of building blocks via Ostwald ripening is prohibited. Therefore, the final size of nanoparticles was smaller than the particles produced by mineral anion and the structure was more disorder.
Two crucial points for these observations were proposed: (1) bridging between building blocks occurs via polymeric surfactant and organic anions which adsorbed on the surface of nanoparticles. Both of sorbates should be unstable under hydrothermal conditions. As desorption of adsorbed layer increases, the separation between primary building blocks increases too. Therefore, bridging between primary building blocks should be more unstable when using organic anions as precursors. For this reason, in the case of organic precursors the structure of nanoparticles was collapsed after 10 h. (2) the higher movement of primary nanoparticles can be obtained under thermal conditions due to irreversible desorption of binder [31] .
Precursor with inorganic anion
The particle size, size distribution, and nanoparticle structure were determined by TEM analyses. For the manganese ferrites prepared from chloride anions the following points can be discussed:
1. Fig. 1 shows the relationship between the average particle size and the aging time under different temperatures (160, 180, and 200°C) in the presence of PEG 300 or PEG 10000 . Fig. 2 presents the TEM images of manganese ferrite prepared in the presence of PEG 300 at different temperatures and constant aging time (12 h). The structure and size distribution were more uniform at lower temperatures and shorter aging times and the average size was 180 nm at 160°C. 2. At low temperature (160°C) the particle size increases with increasing the time. But, at higher temperatures, 180 and 200°C, a collapse was observed in longer aging times. The time for the collapse was shorter for the samples prepared at 200°C than 180°C. These observations could be explained by the partial removal of polymeric surfactants at higher temperatures and longer aging times. Under these conditions the interaction forces between building blocks are low and their kinetic energies are high, and therefore a collapse can be occurred easily. 3. At the same temperature, the average particle size of the magnetic nanoparticles obtained by PEG 300 is higher than by PEG 10000 . This is might be related to the lower molecular weight of PEG with lower tendency to the building blocks than higher molecular weight of PEG. Therefore, larger particles can be obtained in the presence of PEG 300 . When organic molecules show strong and high binding affinity to the surface of nanoparticles, the nanoparticles are highly stabilized and further crystal growth becomes harder. These organic molecules impose a steric effect at the interface of primary nanoparticles which hinder the oriented attachments by preventing the effective particleparticle contact and reduction of the Brownian motion. Also, the presence of organic molecule at the surface of building blocks can prevent the growth by Ostwald ripening process. 4. The nanoparticles were broken by increasing the temperature. when PEG was used as a surfactant (Fig. S3) . However, in the case of PVP, Fig. 3 shows the nanoparticles synthesized at 160°C, 180°C, 200°C and clearly presented the hollow sphere structure of magnetic nanoparticle in Fig. 3c . It is assumed that the small vacancies trapped inside the particle can migrate and formed a larger vacancy inside the particle. This situation can occur faster at higher temperatures which the building blocks have higher movements. Under these conditions, the small vacancies with high surface energy changes to a large vacancy with low surface energy. When the aging time is short and the temperature is low the manganese ferrite has a solid core (entirely dark) [43] . The TEM images confirm that the hollow structure increased with increasing of the temperature (Fig. S4 ). 6. The temperature and the type of surfactant play a crucial role in the induction time of the nanosphere formation. The induction times at 160°C, 180°C, and 200°C for PEG 300 are about 12, 5, and 2 h, respectively. Induction time is longer for the lower temperature. The induction time is also changed with different types of surfactants as illustrated in Table 1 . It is confirmed that the lower induction time can be observed for the manganese ferrite obtained by using PEG 300 .
Kinetic growth study
The entire XRD diffraction peaks match well with the pattern of cubic structure of MnFe 2 O 4 (ICDD no.10-0319). According to the literature [28, 30] , the grain size of the nanoparticles can be obtained based on the Debye-Scherrer formula. The XRD results show that the size of building blocks of the nanoparticles increases with increasing the time and temperature. Fig. 4 presents the XRD patterns of the manganese ferrite nanoparticles prepared by PEG 300 at 200°C under different aging times. The crystallinity was increased with the increase of aging time. At initial times (2 h), small building blocks are exist in the matrix (Fig. S5 ) and the XRD pattern shows less crystallinity and smaller size of primary building blocks. With increase of aging time, the small building blocks disappear and the intensity of peaks increases drastically. This confirms the increase of crystallinity of the nanoparticles after aggregation of primary building blocks.
It is obvious that the primary nanoparticles are produced by attachment of molecule/ion on single crystal and then the primary dispersed nanoparticles aggregate to each other by oriented attachment mechanism to obtain a secondary structure. The attachment of small building blocks on the surface of nanoparticles occurred in initial aging times (Fig. S5 and Table 1 ). In comparison with dispersed small nanoparticles, the aggregated structure is well oriented and crystallized. After that the growth of secondary nanoparticles followed by the Ostwald ripening mechanism. This is confirmed by the XRD results through the increase of nanoparti- cle size and the SEM results for the growth of primary building blocks with increasing aging time (Fig. S6 ). This mechanism is in agreement with other research works [28, 40] .
To study the kinetics of the growth process, it is necessary to determine the particle size of small nanopartilces as a function of time in different temperatures. Three kinetic models have been widely used to investigate the growth process of small building blocks: oriented attachment, simultaneous oriented attachment and coarsening or Ostwald ripening models which described by the three following equations, respectively:
The growth kinetics of all investigated samples was fitted well by the Ostwald ripening model (Eq. (3)). In this equation, D t and D 0 are the mean particle size at time t and t 0 , respectively and k c is a constant at certain temperature and n is an exponent relevant to the coarsening mechanism. For n = 2, the coarsening mechanism is limited by precipitation/dissolution reaction at the particle matrix interface. For n = 3, the coarsening kinetic is limited by the volume diffusion of ion in the matrix. When n = 4, the coarsening kinetic is limited by the diffusion along the matrix boundary [33] . Table 1 shows the fitting results for the Eq. (3). As it is shown, the rate of growth was increased with decreasing the molecular weight of PEG. It is assumed that the binding of PEG to the surface of manganese ferrite is substantially stronger with higher molecular weight of PEG. To further investigate the growth mechanism, the activation energies (E a ) for the growth process were determined. This is carried out by the temperature dependence of k c using the Arrhenius equation.
where E a is the apparent activation energy, A 0 is the pre-exponential factor, R is the universal gas constant, and T is the absolute temperature. The activation energy was found as E a(PEG300) = 11.84 kJ/mol, E a(PEG6000) = 17.07 kJ/mol, E a(PEG10000) = 26.91 kJ/mol, and E a(-PVP40000) = 12.46 kJ/mol. One of the important parameters for the growth of nanoparticles is ripening growth of building blocks. It is assumed that the strong capping agents cause to hinder the Ostwald ripening growth. Therefore, the rate of Ostwald ripening is slower for PEG with higher molecular weight. In the coarsening equation, when n = 3 the coarsening kinetics are limited by the volume diffusion of ion in the matrix. According to Table 1 , n is about 3 and therefore, the ion or atom diffusion in solid matrix interface is closely related to the growth process and this step hinders by the adsorbed surface of nanoparticles using surfactant. It is revealed that the activation energy depends on the molecular weight and chemical structure of the surfactants. Desorption of PEG with higher molecular weight from the surface of nanoparticles needs more energy than PEG 300 . Therefore, it seems that PEG 300 is more desorbed from the surface than the other surfactants.
Surface characterization and crystal growth
The FTIR and TGA analysis were carried out on different samples. These analyses can help to interpret the role of surfactant as organic binder on the surface of primary building blocks and their effects on the growth process.
Analysis of FTIR
Figs. 5, S7 and S8 show the FTIR spectrum of manganese ferrite obtained in the presence of PEG 300 , PEG 10000 , PVP as surfactants and some vibration results are summarizes in Table 2 . According to the results, there are red shifts (increased wavelength) for the surfactants adsorbed on the nanoparticle surface due to their interactions with surface of nanoparticle. After adsorption, most of the peaks show blue shifts with increasing the time and temperature. This observation confirms the weakening of the adsorbed surfactants at higher thermal energy. More peaks disappeared with increasing the time and temperature which is related to the desorption of surfactants from the surface of nanoparticle at high thermal conditions. These observations confirm the mechanism of growth by desorption of surfactants from the surface of primary nanoparticles to obtain secondary structures. In addition, the collapse of nanoparticles at higher temperatures and longer times can be interpreted by these observations too.
The FTIR results also confirm the presence of adsorbed water molecule on the surface of nanoparticle at low temperature and short aging time. In the case of adsorbed PVP on the manganese ferrite, there are two peaks at 1570 cm À1 and a shoulder at 1670 cm À1 . It is suggested that the interaction between surface of nanoparticle and PVP led to red shift of peak from 1670 cm À1 to 1570 cm À1 which is related to C@O stretching. A shoulder at 1670 cm À1 can be attributed to some uncoordinated surfactants on the surface of nanoparticle. At longer reaction time (160°C-72 h), a blue shift to 1650 cm À1 was observed which is due to weakening of the adsorbed surfactant. Two other new peaks were appeared in the region 1050-1080 cm À1 and 879 cm À1 for PVP/ MnFe 2 O 4 . These peaks could be assigned for CAO bond originated from EG.
The PEG molecules interact with MnFe 2 O 4 surface via its CAOAC groups. The corresponding peak appears at 1100 cm for pure PEG. Therefore, a shift can be seen from 1100 cm À1 to 1080, and to 1060 cm À1 for PEG 300 and PEG 10000 , respectively. This observation confirms the stronger binding between surface of manganese ferrite nanoparticle and PEG 10000 than PEG 300 which confirms the slower growth rate of primary nanoparticles in the presence of PEG 10000 . At 160°C and 72 h, this peak shifted to 1100 cm À1 .
Analysis of TGA
The TGA curves provide addition evidences about the interaction of nanoparticles and surfactants. In this method the magnetic nanoparticles are heated to 800°C under N 2 and recorded the changes in mass due to the loss of organic material from the synthesized nanoparticles. Generally, the organic materials with strong bond to the particles can be desorbed at higher temperatures [44] .
Figs. 6-8 and Table 3 show the TGA analysis of manganese ferrite nanoparticles under different preparation conditions. For all samples, the total loss of mass decreased with increasing the reaction time and temperature during the synthesis process. This observation is in agreement with the results obtained for the growth kinetic and FTIR analysis. The decomposition temperature of all pure surfactants is in the vicinity of 350°C. In all cases, the initial weight loss is attributed to the loss of surface-adsorbed water. In the case of PEG 300 , three weight losses were observed for the sample prepared at 10 h and 160°C. The first loss ($6%) is related to the loss of water from the surface of nanoparticles. This loss was occurred between the room temperature and 250°C. The second loss ($14%) was observed in the range of 250-310°C. The third loss was appeared between 540°C and 800°C. The TEM image (Fig. S5) shows a lot of primary building blocks nanoparticles in the sample at the initial time of reaction. This situation leads to loss a higher weight. After complete aggregation of the building blocks at higher temperatures and longer times, the amount of desorption significantly decreased. Some researchers explained that the TGA behaviors are based on the bi-layer adsorbed models on the particle surface [45, 46] , while others claimed that the double-stepped TGA curve is due to two different kinds of binding sites [47, 48] . Based on experimental results, it seems that the TGA curves for our samples are in agreement with the two different binding sites on the surface of the nanoparticles. As presented in all TGA curves, the double-stepped curve can be shown clearly in shorter times. Weight loss at the second section is much higher than the third one. This means that the concentration of adsorbing species with strong interaction is much lower than the concentration with lower interaction. In longer times, the third loss almost disappeared and the second loss was reduced. It should be mentioned that in longer times and higher temperatures, the chance of removal of adsorbed species with strong interaction (third loss) is lower than the species with lower interaction (second loss). But, the third loss is approximately disappeared in shorter time which is due to its low concentration.
According to Table 3 , the sample synthesized at 160°C for 12 h with PEG 10000 acts similar to the sample obtained in 10 h and 160°C with PEG 300 . An easier desorption of PEG 300 can be assumed from the surface of nanoparticle than PEG 10000 . The total weight losses for PEG 300 in 160°C and aging time of 10 h and 12 h are 26% and 16%, respectively. For PEG 10000 and PVP in 160°C and 12 h, the weight losses are about 41% and 50%, respectively. The high weight losses at the initial time of reaction confirm the presence of large amount of surfactants on the surface of building blocks. In addition, the steric effect can be observed more for the cases of PVP and PEG 10000 . In the presence of all surfactants, the weight loss reduced significantly after complete aggregation of primary building blocks. TGA results indicated that Table 2 IR characteristics of pure surfactants and final product, manganese ferrite (12 h, 160°C).
Observed bands (cm the adsorbed polymeric surfactants act as organic binder to assembly of primary building blocks. Also, less affinity of organic binder to the surface of primary building blocks led to their effective contact and production of aggregated nanoparticles in shorter aging time and temperature with narrower size distribution.
Conclusion
The growth of MnFe 2 O 4 mesocrystal nanoparticles was studied by PVP and PEG with different molecular weights (PEG 300 , PE6 000 , and PEG 10000 ). Parameters such as induction time, stability of nanoparticles, size distribution, and uniformity of the particles were affected by different polymeric surfactants. At low temperature (160°C) the particle size increased with increasing the aging time. However, a collapse was observed at higher temperatures (180°C and 200°C). The time for the collapse was shorter at 200°C than 180°C. Under some conditions the hollow sphere structures were observed clearly for the nanoparticles obtained with PVP. The TEM images confirm more hollow spheres with increasing the temperature. The final particle size was also increased by using the low molecular weight surfactant. The experimental data was fitted to the coarsening model and n was about 3 which is consistent with the volume diffusion-limited coarsening. It is suggested that the surface adsorption is a key point for the control of the growth process. The FTIR confirms that the binding of adsorbed surfactants on the surface of nanoparticles is weakened under the thermal conditions. The TGA analysis mainly showed a two-step loss at the two different ranges of temperature. By increasing the time and temperature of the process, the amount of loss was reduced.
